Coronavirus 3C-like and Flavivirus NS2B-NS3 proteases utilize the chymotrypsin fold to harbor their catalytic machineries but also contain additional domains/co-factors. Over the past decade, we aimed to decipher how the extra domains/co-factors mediate the catalytic machineries of SARS 3C-like, Dengue and Zika NS2B-NS3 proteases by characterizing their folding, structures, dynamics and inhibition with NMR, X-ray crystallography and MD simulations, and the results revealed: 1) the chymotrypsin fold of the SARS 3C-like protease can independently fold, while, by contrast, those of Dengue and Zika proteases lack the intrinsic capacity to fold without co-factors. 2) Mutations on the extra domain of SARS 3C-like protease can transform the active catalytic machinery into the inactive collapsed state by structurally-driven allostery. 3) Amazingly, even without detectable structural changes, mutations on the extra domain are sufficient to either inactivate or enhance the catalytic machinery of SARS 3C-like protease by dynamically-driven allostery. 4) Global networks of correlated motions have been identified: for SARS 3C-like protease, N214A inactivates the catalytic machinery by decoupling the network, while STI/A and STIF/A enhance by altering the patterns of the network. The global networks of Dengue and Zika proteases are coordinated by their NS2B-cofactors. 5) Natural products were identified to allosterically inhibit Zika and Dengue proteases through binding a pocket on the back of the active site. Therefore, by introducing extra domains/cofactors, nature develops diverse strategies to regulate the catalytic machinery embedded on the chymotrypsin fold through folding, structurally-and dynamically-driven allostery, all of which might be exploited to develop antiviral drugs.
Introduction
In the last decades, several emerging and re-emerging viral diseases have broken out globally, which not only led to worldwide health hazards, but also caused significant damages to both the regional and global economies. While the severe acute respiratory syndrome (SARS) and the Middle-east respiratory syndrome (MERS) viruses represent paradigmatic examples of viruses completely new for humans, Dengue and Zika virus are considered to be the most important re-emerging arboviruses (Guzman and Harris, 2015; Ippolito and Rezza, 2017; Wikan and Smith, 2016) . Noticeably, many emerging or re-emerging viruses are RNA viruses because they own high mutation rates for the viral enzymes, and consequently can quickly adapt to the varying conditions (Nichol et al., 2000) .
SARS is a contagious disease with overall fatality rates of 14e15%, characterized by high fever, malaise, rigor, headache, and nonproductive cough, which suddenly appeared in 2002 in southern China and then rapidly spread to other countries through Hong Kong (Lee et al., 2003; Poutanen et al., 2003) . To combat this unprecedented challenge, governmental agencies and scientists all over the world worked together intensely to identify its causative agent to be a novel coronavirus (Drosten et al., 2003; Ksiazek et al., 2003) . Coronavirus belongs to the Coronaviridae, which are enveloped, positive-stranded RNA viruses with the largest singlestranded RNA genome (27e31 kilobases) among known RNA viruses (Drosten et al., 2003; Ksiazek et al., 2003; Lai and Cavanagh, 1997) . Later, another coronavirus was identified to cause MERS. So far, neither an efficacious therapy nor a preventive treatment has been available despite tremendous efforts devoted to SARS and MERS related research.
On the other hand, Dengue is the most prevalent mosquitoborne viral disease with >500 million human infections annually and 2.5 billion people at risk, particularly in tropical and subtropical regions (Bhatt et al., 2013; Guzman et al., 2010) . The disease is caused by Dengue virus (DENV) of the Flaviviridae family, which also includes several other human pathogens including the West Nile virus, Japanese encephalitis virus, yellow fever virus and Zika virus (Bhatt et al., 2013; Guzman et al., 2010; Chan et al., 2016a,b; Ramos da Silva and Gao, 2016; Dick et al., 1952; Wikan and Smith, 2016) . Zika virus (ZIKV) was one of Flavivirus that reemerged in Brazil in 2015. Previously, Zika is a neglected, mosquito-borne flavivirus because of its relatively small geographical spread and mild clinical symptoms. In fact, the first biological ZIKV sample was isolated from a sentinel rhesus monkey in the Zika Forest of Uganda in 1947 (Dick et al., 1952) , and it was later found that ZIKV is transmitted to humans by Aedes mosquitoes. However since 2007, large epidemics of Asian genotype ZIKV have been reported around the world (Wikan and Smith, 2016; Baronti et al., 2014; Bogoch et al., 2016) .
Recently it was predicted that one-third of the world population might be at risk of infection (Bogoch et al., 2016) . The spread of ZIKA infection is facilitated by the ease of vertical (Mlakar et al., 2016) and sexual human-to-human transmissions (D'Ortenzio et al., 2016) . Most seriously, recent studies have revealed that ZIKV infection is associated with many other diseases: Guillain-BarreÂ syndrome and microcephaly in newborn infants of mothers infected with ZIKV during pregnancy (Mlakar et al., 2016; Li et al., 2016a; Cugola et al., 2016) , thrombocytopenia (Sharp et al., 2016) , multipleorgan failures (Sikka et al., 2016) , and possibly male infertility (Chan et al., 2016a) . On the other hand, currently there are neither vaccines nor other effective treatments available to fight Dengue and Zika diseases.
Both Coronavirus and Flavivirus are positive-stranded RNA viruses. SARS-CoV has a large RNA genome (Lai and Cavanagh, 1997) , which encodes two polyproteins, namely pp1a (~450 kDa) and pp1ab (~750 kDa) required for genome replication and transcription. On the other hand, Flavivirus including Dengue and Zika viruses have RNA genomes with a size of approximately 11 kb, which encode a single polyprotein (~340 kDa) (Perera and Kuhn, 2008; Lu and Gong, 2017) . Intriguingly, the translation products of the genomes of SARS CoV and Flavivirus are very large replicative polyproteins, which thus need subsequent cleavage by host and virus encoded proteinases to release the functional subunits. Briefly, two polyproteins of SARS-CoV are usually processed by two proteases, one with a chymotrypsin fold and the other with a papain-like topology. The 33-kDa viral protease with the catalytic machinery hosted by the chymotrypsin fold ( Fig. 1A) was called "main proteinase" or, alternatively, the "3C-like protease (3CLp)" to indicate its similarity to the picornavirus 3C protease in sharing the chymotrypsin fold and cleavage specificity (Anand et al., 2002; Yang et al., 2003; Allaire et al., 1994; Tong, 2002; Hilgenfeld, 2014; Mesters et al., 2006) .
On the other hand, the polyproteins encoded by Flavivirus including Dengue and Zika are cleaved into 10 proteins, including three structural proteins (capsid, membrane, and envelope) and seven nonstructural proteins (NS1, NS2A/B, NS3, NS4A/B, and NS5) (Chambers et al., 1990) . The cleavage is carried out by host cell proteases including furin and signalaseas, as well as a virusencoded serine protease NS2B-NS3 protease. The NS3 protease domain located within the N-terminal part of NS3 also adopts a chymotrypsin-like fold to host the catalytic machinery ( Fig. 1B) . Amazingly, the flavivirus catalytic machinery completely embedded on the NS3 protease domain only becomes active upon being complexed with a stretch of approximately 40 amino acids from the cytosolic domain of NS2B, thus called two-component protease (Erbel et al., 2006; Noble and Shi, 2012; Noble et al., 2012; Lei et al., 2016; Luo et al., 2015) .
Due to the essential roles of the SARS 3C-like protease, as well as Dengue and Zika NS2B-NS3 proteases in their replication, they have been extensively validated to be promising targets for design of therapeutic inhibitors for treating SARS, Dengue and Zika. Over the past decade, we have been mainly focused on deciphering how the extra domains/co-factors of the SARS 3Clike, Dengue and Zika NS2B-NS3 proteases mediate their catalytic machineries by characterizing their folding, structures, dynamics and inhibition with NMR spectroscopy, X-ray crystallography and molecular dynamics (MD) simulations. Here, we summarize our results with a particular emphasis on the structurally-and dynamically-driven mechanisms by which the extra domains/cofactors mediate the enzymatic machineries engineered within the chymotrypsin fold.
The 3C-like protease of SARS coronavirus (SARS-CoV)

The catalytic machinery is under extensive regulation by the extra domain
Before the SARS outbreak, in 2002 the main proteinase of transmissible gastroenteritis coronavirus (TGEV) associated with severe diarrhoea in young pigs was reported (Anand et al., 2002) . Strikingly, this proteinase shares with the picornavirus 3C protease in utilizing the chymotrypsin fold to host the catalytic machinery, thus called "3C-like protease". Nevertheless, two distinguishable differences exist: 1) the TGEV 3C-like protease gains an extra C-terminal a-helical domain of >100 residues during the evolution, and 2) it exists in a dimeric form. However, the roles of these two features in the enzymatic catalysis remained largely elusive.
In order to fight SARS, immediately after the successful identification of a new coronavirus as the etiological agent of SARS on March 2003, we decided to focus on the 3C-like protease of SARS-CoV by exploring the functional roles of the two unique properties. Therefore, upon the release of the genome sequence of SARS-CoV, we immediately identified the sequence of the SARS 3C-like protease and further dissected it into the chymotrypsin fold hosting the catalytic machinery and the extra domain based on the sequence alignment between SARS-CoV and TGEV . Later, the crystal structure of the SARS 3C-like protease was reported (Yang et al., 2003) , indicating that exactly like the TGEV one, the SARS 3C-like protease also has a helical extra domain and exists in a dimeric form ( Fig. 2A ). As such, our previous dissection properly separated the chymotrypsin fold (Fig. 2B ) from the extra domain (Fig. 2C ). The welldispersed NMR 1 H-15 N HSQC spectra for both chymotrypsin fold ( Fig. 2D ) and the extra domain ( Fig. 2E ) suggested that they are independently folded. However, the isolated chymotrypsin fold existed in a monomeric form and showed no catalytic activity although it hosts the entire catalytic machinery. On the other hand, the extra domain existed in a dimeric form. As such, the results led two major conclusions: 1) the SARS 3C-like protease is only active in the dimeric form; and 2) the extra domain appears to play a key role in maintaining the catalytic activity and dimerization . Later studies indicated that the extra domain was sufficient to maintain the dimerization of the SARS protease even with the N-finger deleted (Zhong et al., 2008) .
To systematically map out the extra-domain residues critical for dimerization and catalytic activity, we mutated all 15 extra-domain residues to Ala one by one, which have close contacts (7 Å) with any residues on another protomer. Moreover, we also constructed two multiple-mutation mutants (STI/A and STIF/A), and five deletion mutants (Shi and Song, 2006) . The obtained results led to the identification of the four regions critical for dimerization. In addition to the N terminus within the chymotrypsin fold which was well-recognized from its three-dimensional structure (Yang et al., 2003) , other three regions within the extra domain are also critical for enzyme dimerization: namely the region around Asn214, region over Glu288eAsp289eGlu290, and the region over Arg298eGln299 on the C-terminal last helix. Another unexpected finding is that the reduction of the side-chain volumes by Alamutation of the residues of two regions over Ser284eThr285eIle286 and Phe291 significantly boosted the enzymatic activity. As a result, two super-active mutants were protease with the residues we previously identified to be critical for dimerization and catalytic activity in the sphere mode. The N-terminal five residues of protomer 1 are shown in yellow while those of protomer 2 are shown in green. Dimerization-critical residues on the extra domain are in pink for protomer 1 and blue for protomer 2. The hotpink spheres are used to indicate residues Ser284eThr285eIle286 and Phe291 for protomer 1 and cyan for protomer 2. The proposed nano-channel is indicated. The active site residues His41 and Cys145 are shown in red and light-brown, respectively. constructed by mutating Ser284eThr285eIle286 or Ser284eThr285eIle286 and Phe291 to Ala, which showed significant enhancement of proteolytic activity but reduction of the enzymatic specificity (Shi and Song, 2006) .
Most strikingly, the majority of the critical residues for dimerization and catalysis are clustered together to form a nano-scale channel passing through the central region of the dimeric enzyme ( Fig. 2F ). We thus speculated that this nano-channel plays a key role in allosterically relaying regulatory effects from the extra domain to the catalytic machinery located on the chymotrypsin fold (Shi and Song, 2006) . Remarkably, this speculation has been strongly supported by our further structural and dynamic studies of the SARS 3C-like protease with both experimental and computational approaches (Shi et al, 2008 (Shi et al, , 2011 Lim et al., 2014) .
Inactivation of the catalytic machinery by structurally-driven allostery
To understand the underlying mechanism for the extra domain to allosterically control the catalytic machinery by dimerization required a high-resolution structure of the monomeric extra-domain mutant of the SARS 3C-like protease. Therefore we have attempted to crystallize several monomer-like mutants we identified (Shi and Song, 2006) , and successfully obtained the high-quality single crystals of the R298A mutant. Subsequently we determined its crystal structure at a resolution of 1.75 Å (Shi et al., 2008) . Very unexpectedly, except for a 40degree reorientation between the chymotrypsin fold and the extra domain ( Fig. 3A) , the backbones and side chains of the separated chymotrypsin fold and extra domain are highly superimposable between R298A mutant and wild-type form. Detailed examination of the residue-specific root mean square deviations (RMSD) revealed that while the extra domain only has a backbone root mean square deviation of only 0.41 Å, relatively large conformational variations could be recognized within the chymotrypsin fold, in particular over several loops constituting the catalytic machinery, including residues 117 to 125, 133 to 144, and 166 to 169.
The most distinguishable characteristic in the inactivated R298A catalytic machinery is the chameleon formation of a short 3 10 -helix by residues Ser139-Phe140-Leu141, which instead assume a dynamic loop conformation in the active wild-type enzyme structure. This transformation appears to abolish the key stack interaction between the aromatic rings of Phe140 and His163, as well as significantly twists the conformation of the residues Gly143-Ser144-Cys145, thus leading to the collapsed substrate binding pocket and oxyanion hole ( Fig. 3B ). As inspired by this observation, we therefore examined all available crystal structures of the SARS-CoV 3CL protease, and to our great surprise, in the dimeric structures, this characteristic is absent in the active protomers but can be found in the collapsed protomers. Therefore, we proposed that even in the dimeric enzyme, due to the high conformational dynamics required for the catalytic actions, the catalytic machinery can be trapped into the collapsed conformations by a variety of unfavorable factors. Nevertheless, in the context of dimeric form, the collapsed enzyme still has the potential to be reactivated once the unfavorable factors are removed. By a sharp contrast, if dimerization is abolished, the catalytic machinery will be permanently frozen in the collapsed state, thus leading to an irreversible inactivation of the monomeric enzyme as observed on the R298A mutant. Strikingly, it has been recently demonstrated that by introducing mutations into the short region to disrupt the characteristic 3 10 -helix, the monomeric and inactive mutants of the SARS 3C-like protease could become reactivated (Li et al., 2016b) .
It is also surprised to find that although the dimeric SARS-CoV 3C-like protease has a very large dimeric interface area of over 1000 Å 2 , one single interfacial mutation such as Gl1A within the chymotrypsin fold (Chen et al., 2016; Hu et al., 2009) , and R298A within the extra domain is sufficient to eliminate the dimerization. Most amazingly, it has been also shown that the residues for controlling dimerization are not just limited to the interfacial ones, because residues located away from the dimerization interface was also identified to be crucial for dimerization (Barrila et al, 2006 (Barrila et al, , 2010 . To rationalize these observations, we thus proposed that in the SARS 3C-like protease, there exist two interaction networks: one responsible for maintaining the dimeric structure and another for implementing catalytic actions ( Fig. 3C ). By use of overlapped residues such as Tyr126, dimerization becomes elegantly coupled to catalysis of the SARS-CoV 3C-like protease. Indeed, despite having mutation residues at very different locations, three monomeric mutants G11A , S139A (Hu et al., 2009 ) and R298A (Shi et al., 2008) available so far all share highly-superimposable backbone structures, in which the characteristic short 3 10 -helix forms within the region Ile136-Gly143 of all three mutants ( Fig. 3D ). Fig. 3 . Structurally-driven allostery of the SARS 3C-like protease. (A) The monomeric mutant R298A (blue) and a protomer of the wild-type SARS 3C-like protease (red) superimposed over the catalytic fold (12e180). (B) Conformations over the residues Ile136-Lys137-Gly138-Ser139-Phe140-Leu141-Asn142-Gly143-Ser144-Cys145 in different crystal structures. Red, catalytically inactive R298A; green, catalytically inactive protomer of 1UJ1; yellow, catalytically inactive 2BX4; violet, catalytically inactive 2BX3; cyan, catalytically inactive 2GT8; blue, catalytically active 2H2Z. (C) The interaction network proposed for maintaining the dimeric structure, with one protomer in purple and another in cyan. Hydrogen bonds are indicated by cyan dashed lines, hydrophobic interactions by red dashed lines, and salt bridges by blue dashed lines. The active-site Cys145 residues of both protomers are displayed as spheres. Interestingly, it appears that Tyr126 is utilized for maintaining dimerization via an aromatic-hydrophobic interaction with Met6 of the opposite protomer, as well as for stabilizing the catalytic machinery via an aromatic stack interaction with Phe140 of the same protomer. (D) Superimposition of three monomeric mutants: Gly11Ala (yellow), Ser139Ala (cyan) and Arg298Ala (red).
Inactivation of the catalytic machinery by dynamically-driven allostery
In our systematic mapping, we also identified one mutant N214A, which showed a dramatically reduced activity but still remained dimeric (Shi and Song, 2006) . In order to understand the underlying mechanism, we determined its crystal structure, and indeed it still adopted a dimeric structure (Shi et al., 2011) . Most unexpectedly, N214A not only has the overall backbone structure ( Fig. 4A and B ), but also the side chains of the key residues of the catalytic machinery ( Fig. 4C ) almost identical to those of the WT protease. So we hypothesized that the N214A mutation inactivated the catalytic machinery of the SARS 3C-like protease by triggering dynamical changes which were not reflected by the average crystal structure.
In order to explore this possibility, we utilized molecular dynamics (MD) simulations, which is a powerful tool to gain insights into the dynamic mechanism that underlies protein function (Karplus and McCammon, 1983; Hammes-Schiffer and Benkovic, 2006; Dodson et al., 2008; Ma and Nussinov, 2010) . We initiated MD simulations for the WT, N214A and R298A enzymes, as well as two artificial monomers derived from the dimeric WT and N214A structures (Shi et al., 2011) . Remarkably, three forms of the SARS 3C-like proteases display very distinct dynamic behaviors. Among them the WT enzyme has the largest conformational rigidity with the lowest root-mean-square deviations (RMSD) values averaged over three simulations (1.75 and 1.76 Å respectively for two protomers). By contrast, R298A shows the highest overall conformational flexibility, with the largest average RMSD (2.50 Å). Interestingly, despite having the crystal structures very similar to those of WT, both N214A protomers have much larger conformational flexibility than the WT ones, with average RMSD values of 2.20 and 2.34 Å respectively for two protomers (Shi et al., 2011) .
Subsequently, we exhaustively analyzed the conformational changes of individual residues of different forms in the MD simulations. The most dramatic and relevant changes are located within the catalytic machinery composed of the catalytic dyad and substrate binding subsite S1. In all previously-determined crystal structures of SARS 3C-like protease, the distance between NE2 of His41 and SG of Cys145 ranges from 3.6 to 3.9 Å. Furthermore, previous MD simulations also revealed that the dynamic stability of this distance is extremely critical for the maintaining the catalytic competency of the SARS 3C-like protease (Pang, 2004; Tan et al., 2005; Chen et al., 2006; Yin et al., 2007) . As shown in the timetrajectories of this distance in our simulations for WT, R298A and N214A (Fig. 4E ), for the WT enzyme, the average value of the distance is 3.83 Å, while is 4.18 Å for R298A. Intriguingly, N214A has the largest average value of this distance (4.26 Å). In particular, in the trajectory of one simulation, there are several very large fluctuations. We also analyzed the time-trajectories of the angles Chi1 and Chi2 of His41 for WT, R298A and N214A (Fig. 4E ). Interestingly in both WT protomers, the Chi1 and Chi2 trajectories are dynamically stable. For R298A, the Chi1 and Chi2 trajectories are also relatively stable. However, Chi1 and Chi2 trajectories of both protomers of N214A are dynamically very unstable and jumping among several conformational clusters.
All results together revealed that while in WT, the catalytic machinery stably retains in the active state over the whole simulations; in R298A it remains largely collapsed in the inactivated state. This led to the conclusion that the active and collapsed states of the catalytic machinery of the SARS 3C-like protease are not only structurally very distinguishable as revealed by the crystal structures ( Fig. 3 ), but also dynamically well separated as decoded by MD simulations. Most surprisingly, although in the crystal structure, the catalytic machinery of N214A adopted the active state as WT, after several nanoseconds of simulations, it became dynamically unstable and many residues constituting the catalytic machinery jump to sample the conformations highly resembling those of R298A. Therefore, we concluded that despite being located on the helical extra domain, the N214A mutation is able to triggers the changes of the enzyme dynamics even in the context of the dimeric form, which ultimately inactivates the catalytic machinery located on the chymotrypsin fold. The MD simulations thus unveiled that the catalysis of the SARS 3C-like protease is critically dependent on the protein dynamics, which can be amazingly modulated by the perturbation on the extra domain. Consequently, mediating the dynamics may offer a potential avenue to inhibit the SARS-CoV 3Clike protease.
Enhancement of the catalytic machinery by dynamicallydriven allostery
In our previous systematic mapping, we have also engineered two multiple mutants with S284-T285-I286 and S284-T285-I286-Phe291 (Fig. 5A) replaced by Ala, designated as STI/A and STIF/A respectively, which have 3.6-and 6.2-fold activity increases but reduced substrate-specificity (Shi and Song, 2006) . In order to understand the underlying mechanisms, we also determined their crystal structures (Lim et al., 2014) , which still adopt the dimeric structure almost identical to that of the wild-type (WT), except for slightly tighter packing between two extra domains (Fig. 5BeD ). This inspired us again to hypothesize that the enhancing effects on the catalytic machinery of these mutations located on the extra domain are mostly dynamically driven, as we previously observed on the N214A mutant which dramatically inactivated the catalytic machinery, even without significant perturbation of the average three-dimensional structure (Shi et al., 2011) .
As such, we subsequently conducted 100-ns molecular dynamics (MD) simulations for WT, N214A, STI/A and STIF/A (Lim et al., 2014) . Interestingly, even in the context of the dimeric forms, STI/A showed larger overall RMSD than WT over 100-ns simulations. Nevertheless, an exhaustive analysis revealed that the larger RMSD values for the dimeric STI/A are mostly resulting from the motions of the extra domains (Lim et al., 2014) . Most distinguishably, in the simulations of STI/A (Fig. 5E ) and STIF/A (Fig. 5F) , two extra domains become further tightly packed, thus leading to a significant volume reduction of the nano-channel constituted by residues from both catalytic and extra domains, which we previously proposed to relay the regulatory effect from the extra domains to the catalytic machinery (Shi and Song, 2006) . The enhanced packing leads to a slight increase of the dynamic stability of the N-finger and the first helix residues, which subsequently triggers the redistribution of dynamics over residues directly contacting them. These changes ultimately lead to the enhanced dynamic stability of residues constituting the catalytic machinery including Asn28, Thr25 and Cys45; Glu166 and His172; as well as the catalytic dyad His41-145. For example, the distance between NE2 of His41 and SG of Cys145, whose dynamic stability of is extremely critical for the stable formation of a hydrogen bond pivotal for maintaining the catalytic competency of the SARS 3Clike protease, is more dynamically stable in STI/A than that in WT. Furthermore, in our previous study (Shi et al., 2011) , residues Ser139-Phe140-Leu141 of the WT maintained an extended active conformation during simulations, while those of N214A frequently jumped to sample the 3 10 -helix conformation characteristic of the collapsed oxyanion hole as observed in R298A (Shi et al., 2008) . However, in the simulations of STI/A, STIF/A and WT up to 100 ns, all three residues have similar dynamical behaviors in their backbone conformations and showed no sampling of the collapsed oxyanion hole. Therefore, the enhanced dynamical stability of these residues appears to contribute to the increased activity of STI/A and STIF/A. Amazingly, the residues identified by MD simulations to be involved in the dynamic transmission in STI/A and STIF/A have been previously characterized to be also critical for maintaining dimerization ( Fig. 5G ). Therefore, our MD simulation results strongly support our previous proposal about the existence of a global network of correlated interactions constituted by the interactions of residues of both catalytic and extra domains of the SARS 3C-like protease, which is capable of coupling the dimerization and catalysis of the SARS 3C-like protease (Shi et al., 2008) .
Existence of a global network of correlated motions that allosterically mediates the catalytic machinery
To gain further insights into the interaction network, we analyzed the MD simulation data of WT, N214A, STI/A and STIF/A by an approach called MutInf (McClendon et al., 2009) , which is an entropy-based approach to analyze ensembles of protein conformers from molecular dynamics simulations. Briefly, this approach utilizes second-order terms from the configurational entropy expansion, called the mutual information, to identify pairs of residues with correlated conformations, or correlated motions, in an equilibrium ensemble. As seen in the mutual information profiles of WT ( Fig. 6A ), in the protomer 1 fragments of both catalytic and extra domains have highly correlated motions, which include the N-finger, helix A, Thr25, Asn28, Cys44 and catalytic dyad residue His41; Leu115-Cys156 containing CII-BII residues, oxyanion loop Ser139-Leu141, and catalytic dyad residue Cys145; Val186-Thr198 within the loop connecting the catalytic and extra domain; Asn214 Asn238 containing Asn214; and Ile281-Phe305 containing S284-T285-I286. Amazingly, these fragments with highly correlated motions contain all residues which have been previously identified to be critical for dimerization and catalysis by both experimental and simulation approaches, which together constitute a global network of correlated motions for the residues over the whole protease (Fig. 6) . Strikingly, the loop residues Val186-Thr198 were also shown to be a key component of this network. So far their role in dimerization and catalysis remains unexplored and thus it is worthwhile to experimentally characterize in the further. On the other hand, although the correlation pattern in the protomer 2 of WT remains largely similar to that of the protomer 1, the significantly correlated residues slightly changed, thus resulting in the less correlation of some catalytic domain residues (Fig. 6A ).
Most distinguishably, although the N214A mutation has been shown to significantly provoke the dynamics of the whole protease (Shi et al., 2011) , the mutual information profiles reveal that the N214A mutation globally decouples the correlation of the paired residue motions (Fig. 6B ). In particular, the first half of the catalytic fold which hosts His41, one of the catalytic dyad His41-Cys145, loses the significant correlation to the rest of the protease in both protomers. The results obtained from the correlation analysis of both WT and N214A strongly suggest that in the dimeric form of the 3C-like SARS protease, there exists a global network to correlate the motions of key residues involved in dimerization and catalysis distributed over the whole protease. Most strikingly, this global network appears to be essential for implementing its catalytic action, and consequently the dynamic perturbation onto a key component even without detectable structural change is sufficient to dramatically inactivate the catalytic machinery by decoupling the global network of the correlated motions.
On the other hand, for STI/A ( Fig. 6C ) and STIF/A (Fig. 6D) , the interpretation of the differences of their mutual information profiles from that of WT appears to be less straightforward because the changes are relatively less significant. For example, although in the protomer 1 of STI/A (Fig. 6C) , the correlated motions of some pairs of residues become less significant as compare to those in WT, the correlated motions become significantly increased for residues Gly2-Arg4 with many other residues distributed over the whole protease in the second protomer of STI/A. Furthermore, in the second protomer of STI/A, the correlated motions over the majority of the residue pairs become enhanced or altered as compared to those of WT. The same situation occurs for STIF/A (Fig. 6D ). As such, it is not straightforward to exactly attribute these changes to the activity enhancement in STI/A and STIF/A. Nevertheless, it appears that unlike the N214A mutation which is able to significantly decouple the global network of correlated motions, thus leading to inactivation of the catalytic machinery, the STI/A or STIF/A mutations ultimately enhance the catalytic activity by relaying the perturbation via the specific allosteric pathways, which manifests as the altered patterns of correlated motions.
In conclusion, our crystallographic and simulation studies with the WT, R298A, N214A, STI/I and STIF/A mutants established that besides the classic structurally-driven allostery, the dynamicallydriven allostery also operates in the SARS 3C-like protease. Most amazingly, despite no detectable changes of the average crystal structures, the dynamically-driven allostery is sufficient to relay the perturbation of the mutations on the extra domain onto the catalytic machinery to manifest opposite effects on catalytic activity: inactivation for N214A but enhancement for STI/A and STIF/A. These results thus offer a promising avenue to design dynamicallybased allosteric inhibitors for the SARS 3C-like protease by decoupling its global network of correlated motions. Recently, it has been shown that for MERS coronavirus, its 3C-like protease exists as the inactive and monomeric form in the free state but becomes dimerized upon binding to ligands (Tomar et al., 2015) . It is of both fundamental and therapeutic interest to explore how the structurally-and dynamically-driven allostery operates in the MERS 3C-like protease.
The NS2B-NS3 two-component proteases of Dengue and Zika viruses
3.1. Dengue NS3 protease domain lacks the intrinsic capacity to fold without the NS2B co-factor Now many crystal and NMR structures have been determined for the flaviviral NS2B-NS3 proteases, revealing that their NS3 protease domains all fold into the chymotrypsin fold as exemplified by those of Dengue and Zika viruses (Fig. 1B) . Amazingly, however, the flaviviral proteases appear to adopt two distinctive conformations: the open and the closed states (Erbel et al., 2006; Noble and Shi, 2012; Noble et al., 2012; Lei et al., 2016; Luo et al., 2015; Chen et al., 2014; de la Cruz et al., 2011; Kim et al., 2013; Gibbs et al., 2018; Mahawaththa et al., 2017; Gupta et al., 2015; Pan et al., 2017; Roy et al., 2017) . In both states the NS3 protease domains adopting the chymotrypsin fold remain highly similar while the NS2B co-factors assumes diverse conformations (Fig. 1B) .
In 2005 when we cloned and expressed differentially-dissected fragments of the Dengue NS3 protease domain alone based on previous reports (Murthy et al, 1999 (Murthy et al, , 2000 , all of them were found to be not refoldable and completely insoluble under a variety of solution conditions. Amazingly, in 2006 it was demonstrated that only upon being covalently linked to a core region of NS2B, the Dengue and West Nile NS3 protease domains became correctly folded and their crystal structures have been successfully determined (Erbel et al., 2006) . Nevertheless, it is of fundamental interest to understand why the additional NS2B fragment is required for the NS3 protease domain to fold into the chymotrypsin fold, which is usually an independent folding unit as evidenced by the chymotrypsin fold of the SARS 3C-like proteases . As facilitated by our discovery in 2005 that "insoluble proteins", even the most hydrophobic integral membrane protein fragment in nature, could in fact soluble in salt-minimized water (Li et al., 2006; Song, 2009 Song, , 2013 Song, , 2017 Song, , 2018 , we decided to address this question by high-resolution NMR characterization (Gupta et al., 2015) .
Remarkably, the isolated Dengue NS3 protease domain was highly soluble in salt-minimized water but appeared to be highly disordered as evidenced by its far-UV CD and NMR HSQC spectra (Gupta et al., 2015) , which is narrowly dispersed in both 1 H and 15 N dimensions (Fig. 7A) . Nevertheless, upon being complexed with NS2B, the NS3 protease domain suddenly became active as well as well-folded, as reflected by the well-dispersed NMR HSQC spectra (Fig. 7B) , with many HSQC peaks superimposable to those of the coexpressed Dengue NS2B-NS3 protease complex (Kim et al., 2013) . This observation revealed that the isolated Dengue NS3 protease domain lacks the intrinsic ability to independently fold into the chymotrypsin-like fold and the NS2B cofactor is absolutely required to co-fold with the NS3 protease domain. Despite its narrow NMR spectral dispersions, we successfully achieved the NMR assignment of almost all non-Pro residues of the 172-residue NS3pro (14e185). As reported by (DCa-DCb) chemical shifts (Fig. 7C) , the isolated NS3 protease domain has dramatically decreased (DCa-DCb) over the whole sequence as compared to those of the NS3 protease in complex with NS2B previously reported (Kim et al., 2013) . For example, many NS3 residues in complex with NS2B have the absolute values of (DCa-DCb) > 4 ppm, but all isolated NS3 residues have the absolute values of (DCa-DCb) < 2 ppm. Intriguingly, however, many residues of the isolated NS3 protease domain still have the (DCa-DCb) patterns similar to those in the complex, implying that despite lacking the wellformed secondary structures found in the complex (Fig. 7C) , similar secondary structures might be weakly populated over these residues of the isolated NS3 protease domain.
Furthermore, to pinpoint the backbone dynamics on ps-ns time scale, we measured the { 1 H}-15 N heteronuclear steady-state NOE (hNOE) of the isolated NS3 protease domain. All residues of the isolated NS3 protease domain have small or even negative hNOEs (Fig, 7D) , strongly suggesting that unlike the NS3 protease domain in complex with NS2B, the isolated NS3 protease domain has largely unrestricted backbone motions on the ps-ns time scale. Nevertheless, residues over several segments such as Ile65-Leu100 have relatively large hNOE, implying that this region might have transit tertiary packing to a certain degree.
Paramagnetic relaxation enhancement (PRE) is a powerful tool in detecting transiently existing contacts in highly disordered proteins with distances even up to~25 Å. Therefore, by sitedirected mutagenesis, we introduced Cys residue into the NS3 protease domain one by one at three locations: Gln27, Glu86 and Ser158 (Fig. 8A) , which were subsequently labelled with the nitroxide free radical probe, MTSSL for measurement of PRE by HSQC spectra. Fig. 8A shows the intensity ratios of HSQC peaks from the oxidized (paramagnetic) and reduced (diamagnetic) spectra of three mutants. For Q27C, the residues which were significant affected are all located in the first b-barrel of the chymotrypsin fold in the native NS2B-NS3pro complex. This suggests that these affected residues have long-range contacts with Cys27 with distances <25 Å. Interestingly, although residues Thr48-Glu66 assuming a short helix and b-sheet have very close contacts with Cys27 in the native structure, they were not significantly perturbed by the spin-label at Cys27. This strongly implies that the tertiary packing is non-native in the isolated NS3 protease domain. The spin-label at the position 86 significantly affected the residues on both b-barrels, suggesting that these residues have long-range contacts to Cys86 with distances <25 Å. Again, many residues have very close contacts with Cys86 in the native fold but were not significantly perturbed by the spin-label at Cys88. The residues affected by the spin-label at the position 158 are mostly located on second b-barrel, the loop connecting two b-barrels, and the last bsheet over residues Ser68-Gly71. Taken together, the PRE measurements revealed that despite lacking of stable secondary and tight tertiary structures, the isolated NS3 protease domain is not completely extended, but instead has a loose tertiary packing. However, this tertiary packing is highly dynamic and non-native, in which the residues over the middle region of the NS3pro sequence are slightly less dynamic than the N-and C-terminal ones.
In summary, as illustrated by Fig. 8D , our study decodes that in the absence of the NS2B co-factor, the isolated Dengue NS3 protease domain lacks the intrinsic ability to fold into the chymotrypsin fold and thus exists in a highly disordered state without any stable secondary and tertiary structures, as well as enzymatic activity, but however, owns some non-native long-range contacts. However, upon being complexed with the NS2B cofactor, they will co-fold into a well-defined and active complex. As such, discovery/ design of molecules that can block the interaction between NS2B and NS3 may represent a promising approach to inhibit the folding of the Dengue NS2B-NS3 protease for therapeutic application.
Zika NS3 protease domain also lacks the intrinsic capacity to fold
Immediately after the Zika outbreak in 2016, we started to clone and express the Zika NS2B and NS3 protease in both separated and covalently-linked forms (Roy et al., 2017) . Interestingly, the isolated Zika NS3 protease domain is partially soluble in buffer but nevertheless, like the Dengue NS3 protease domain, it is also highly disordered as judged by its far-UV CD and narrowly-dispersed HSQC spectra (Fig. 9A) . Nevertheless, upon being complexed with the Zika NS2B, it folded into an active and well-defined structure with a well-dispersed HSQC spectrum (Fig. 9B ). This reveals that like the dengue one, the Zika NS3 protease domain is also lacking of the intrinsic capacity to independently fold and thus absolutely needs the NS2B cofactor to co-fold into the chymotrypsin fold to harbour the active catalytic machinery.
We subsequently achieved NMR assignment of the Zika NS2B (48e100) in the free state and in complex with the NS3 protease domain (Fig. 9C) . The small absolute values of (DCa-DCb) chemical shifts clearly suggested that the isolated Zika NS2B lacks any stable secondary and tertiary structure (Roy et al., 2017) . Most unexpectedly, our NMR results indicated that about a half of the ZIKV NS2B residues (Arg73-Lys100) remained similarly disordered both in the free state and in the complexed form. This is significantly different from what was observed on the Dengue NS2B-NS3 protease complex in which both N-and C-terminal residues of NS2B have packing contacts with the NS3 protease domain. Furthermore, upon being complexed with an inhibitor BPTI as monitored by NMR HSQC spectra (Fig. 9D ), more NS2B residues appeared to established contacts with the NS3 protease domain but residues of Leu86-Lys100 still remain similarly disordered as in the isolated form. This unique feature of the Zika NS2B-NS3 protease complex was also supported by the crystal structure of the apo-form (Chen et al., 2016) , in which the C-half of the Zika NS2B is completely invisible (Fig. 9E ). Furthermore, we also generate a truncated Zika NS2B with the C-terminal residues 75e100 deleted. Interestingly, this shorter NS2B could still form a partially-folded intermediate with the NS3 protease domain which has partially-formed secondary structures and tertiary packing, as well as significant ms-ms conformational dynamics. Most strikingly, this complex is catalytically inactive, thus suggesting that despite absence of contacts with the NS3 protease domain in the apo-form, the C-half of the Zika NS2B is still required to form the closed active state upon binding to substrates or inhibitors such as BPTI (Fig. 9F) .
NS2B co-factors coordinate functional dynamics of Dengue and Zika proteases
To understand the role of Dengue and Zika NS2B co-factors in functional dynamics, we have also conducted MD simulations of the NS3 proteases in the isolated state and in complex with the NS2B cofactors for both Dengue and Zika proteases, followed by analysis with MutInf to obtain the profiles of correlated motions.
Interestingly, like what we previously observed on the SARS 3C-like protease, global networks of correlated motions do exist in both Dengue and Zika NS2B-NS3 protease complexes (Fig. 10) . Amazingly, in both networks, the majority of the significant correlated motions are established between the NS2B cofactor and NS3 protease residues. Most distinguishably, the global networks of correlated motions are largely eliminated in the isolated Dengue and Zika NS3 protease domains. The results indicate that for the NS2B-NS3 two component proteases, their global networks of correlated motions are coordinated by the NS2B co-factors. Therefore, for flaviviral NS2B-NS3 proteases, the NS2B co-factors are not only absolutely required for the correct folding of the NS3 protease domains into the enzymatically active complex, but also essential for coordinating the functional dynamics needed for implementing catalytic actions in the folded complexes.
Dengue and Zika proteases are susceptible to allosteric inhibition by natural products
Previous efforts for drug development targeting the flaviviral proteases revealed that one major challenge in rational design of their active site inhibitors results from the fact that the NS2B-NS3 protease active site is flat. Furthermore, another difficulty is that they appear to prefer positively charged amino acids in peptides and peptidomimetics, which thus limits further optimization of them into effective inhibitors in vivo (Li et al., 2005; Erbel et al., 2006; Noble and Shi, 2012; Noble et al., 2012; Lei et al., 2016; Luo et al., 2015; Gibbs et al., 2018) . Therefore, also to respond to the urgency to fight ZIKV infection, we decided instead to screen out small molecule inhibitors from a list of selected natural products isolated from edible plants on the unlinked Zika NS2B-NS3pro complex which better mimics the situation in vivo (Roy et al., 2017) . Indeed, we have successfully identified six compounds with significant inhibitory effects, which belong to flavonoid and natural phenol (Fig. 11A ). Intriguingly, despite sharing the same chemical scaffold, five flavonoids have very diverse inhibitory effects, with Ki values ranging from 0.77 mM for Myricetin to 34.02 mM for Apigenin. In paricular, a significant inhibitory effect (IC50 of 3.45 mM and Ki of 2.61 mM) was detected for Curcumin, a natural phenol isolated from a very popular spice yellow ginger. Most strikingly, the six compounds inhibit Zika NS2B-NS3 protease by changing Vmax but not Km (Roy et al., 2017) , thus indicating that these compounds inhibit Zika NS2B-NS3 protease in a non-competitive mode. In other words, six compounds act as allosteric inhibitors for the Zika NS2B-NS3 protease with their binding sites having no significant overlap with that for the substrate.
To facilitate the visualization of the NMR experimental results and to elucidate structure-activity relationship of the six compounds, we docked six small molecules to the crystal structure (5LC0) of ZIKV NS2B-NS3 protease with the substrate-derived inhibitor cn-716 removed. Indeed, all six compounds bind to the pockets on the back of the active site (Fig. 11B) . Noticeably in the complexes, the short b-sheet formed by NS2B residue Leu74-Leu78 and Asp83-Leu86 has direct contacts with the active site inhibitor cn-716 on one side, and with the six compounds on another side (Fig. 11C) . Indeed, the binding pocket for six compounds is constituted by the surfaces provided by both Zika NS2B and NS3 protease domain (Fig. 11C) , with the inner surfaces relatively polar and negatively charged. Interestingly five flavonoids are highly superimposable in the pocket. On the other hand, while one phenyl ring of Curcumin also occupies the same pocket like flavonoids, another phenyl ring has established an addition binding to a new pocket on the NS3 protease domain, which is not observed for the five flavonoids (Fig. 11D ). Further analysis revealed that the binding is largely mediated by the formation of the hydrogen bond networks between the Zika NS2B-NS3 protease and six compounds. In fact, the inhibitory activity of these compounds appears to be largely dependent on the number of hydrogen bonds formed between the compound and the Zika NS2B-NS3 protease (Roy et al., 2017) .
Concluding remarks
Enzymes are characterized by their dynamics over a large range of time scales and allosteric regulation as compared to man-made catalysts. Nevertheless, the role of dynamics in catalysis is hotly debated, and the relationship between dynamics and allosteric regulation still remains poorly understood (Tousignant and Pelletier, 2004; Laskowski et al., 2009; Guarnera and Berezovsky, 2016; Motlagh et al., 2014; Lisi and Loria, 2017; Nussinov and Tsai, 2013) . The viral 3C-like proteases of Coronavirus such as the SARS-CoV and NS2B-NS3 proteases of Flavivirus including Dengue and Zika viruses utilize the chymotrypsin fold to harbour their catalytic machineries, which represent one of the largest and most comprehensively studied of all enzyme families (Perona and Craik, 1997; Khosla and Harbury, 2001) . Amazingly, however, in addition to the chymotrypsin fold, all three viral proteases evolutionarily acquired extra domains/co-factors: while the Coronavirus 3C-like proteases gain an extra helical domain of >100 residues, the Flavivirus proteases need a NS2B co-factor of~40 residues for their activity. Therefore, the three proteases not only represent validated targets for development of antiviral drugs, but can also serve as amazing models for delineating the mechanisms for protein dynamics and allostery to regulate enzymatic catalysis by characterizing the roles of the extra domains/co-factors in folding, structures and dynamics of the enzymes.
First of all, our results indicate that the chymotrypsin folds of the Coronavirus 3C-like proteases and Flavivirus proteases have fundamentally distinctive capacity in folding. While the chymotrypsin domain of the SARS 3C-like protease can independently fold without needing for the extra domain, those of the Dengue and Zika proteases lack the intrinsic capacity to correctly fold without the NS2B co-factors. As such, the isolated Dengue NS3 chymotrypsin domain exists in an inactive and highly disordered state without any stable secondary and tight tertiary packing, as well as restricted ps-ns backbone motions. Nevertheless, it is not completely extended but instead has dynamic and non-native longrange tertiary packing. As such, discovery/design of molecules that can specifically disrupt the interaction between the NS3 chymotrypsin domains and NS2B cofactors of Flavivirus proteases are expected to block the correct folding of the enzymes, thus representing a promising strategy for developing antiviral drugs.
Secondly, even the chymotrypsin domain of the SARS 3C-like protease can independently fold, without the extra domain it is enzymatically inactive due to the elimination of dimerization. Determination of high-resolution structures of its monomeric mutants deciphered that in the monomeric enzyme, the catalytic machinery is frozen in the inactive collapsed state by the structurally-driven allostery. The inactive collapsed state is structurally characteristic of the chameleon formation of a short 3 10 helix from a dynamic loop in the active state. The coupling of two interaction networks, one for dimerization and another for catalysis, appears to provide the basis for the structurally-driven allostery of the SARS 3C-like protease. Therefore, the molecules that can block the enzymatic dimerization may also have the potential to be developed into antiviral drugs. Thirdly, for the SARS 3C-like protease, the mutation perturbations onto the extra domain without changing the average structures can be relayed to the catalytic machinery to achieve either inactivating or enhancing effects. MD simulations decode the existence of a global network of correlated motions in the SARS 3Clike protease which appears to be essential for implementing the catalytic actions as well as for underlying the dynamically-driven allostery. The N214A mutation inactivates the catalytic machinery by globally decoupling this network, while STI/A and STIF/A enhance the catalytic machinery by globally altering the patterns of this network. Strikingly, despite having capacity in folding fundamentally different from that of the SARS 3C-like protease, the Dengue and Zika NS2B-NS3 proteases also have global networks of correlated motions, which are amazingly coordinated by the NS2B co-factors. This implies that the NS2B co-factors not only participate in co-folding with the NS3 chymotrypsin domain, but are also essential for coordinating the functional dynamics of the active enzyme complexes.
Finally, results together reveal that protein dynamics also play a central role in enzymatic catalysis, and allosteric actions operate in all three proteases, as we previously characterized on the dynamics of the transmembrane Eph receptor on different time scales (Qin et al., 2012 (Qin et al., , 2015 Huan et al., 2013) . Therefore, it is promising and feasible to discover/design molecules that allosterically inhibit three enzymes. Indeed, two categories of natural products extensively existing in edible plants have been successfully identified to allosterically inhibit the Zika and Dengue protease by binding to a pocket on the back of the active site. This result may bear significant implications in further design of therapeutic inhibitors particularly for the Flavivirus proteases because they have relatively flat active sites and general preference for positively charged amino acids in peptides and peptidomimetics.
In conclusion, by introducing extra domains/cofactors to the chymotrypsin folds which harbour the entire catalytic machinery, nature achieves regulation of enzymatic catalysis of the viral proteases of Coronavirus and Flavivirus with extremely diverse strategies, which range from participation in folding to mediation of structurally-and dynamically-driven allostery. Remarkably, discovery/design of molecules to interfere in all these processes may offer promising avenues for further developments of specific inhibitors to these enzymes for therapeutic applications.
